The accurate assembly of signalosomes centered on the adaptor protein LAT (linker of activated T cells) is required for antigen receptor signaling in T cells and mast cells. During signalosome assembly, members of the growth factor receptor-bound protein 2 (Grb2) family of cytosolic adaptor proteins bind cooperatively to LAT through interactions with its phosphorylated tyrosine (pTyr) residues. We demonstrated the Src homology 2 (SH2) domain-mediated dimerization of the Grb2 family member, Grb2-related adaptor downstream of Shc (Gads). Gads dimerization was mediated by an SH2 domain interface, which is distinct from the pTyr binding pocket and which promoted cooperative, preferential binding of paired Gads to LAT. This SH2 domain-intrinsic mechanism of cooperativity, which we quantified by mathematical modeling, enabled Gads to discriminate between dually and singly phosphorylated LAT molecules. Mutational inactivation of the dimerization interface reduced cooperativity and abrogated Gads signaling in T cells and mast cells. The dimerization-dependent, cooperative binding of Gads to LAT may increase antigen receptor sensitivity by reducing signalosome formation at incompletely phosphorylated LAT molecules, thereby prioritizing the formation of complete signalosomes.
INTRODUCTION
Antigen recognition stimulates similar signaling pathways in T cells and mast cells. Upon antigen recognition, both the T cell receptor (TCR) and the mast cell high-affinity immunoglobulin E (IgE) receptor (FceRI) stimulate ITAM (immunoreceptor tyrosine-based activation motif)-dependent signaling cascades (1) , which are initiated by Src and Syk family tyrosine kinases (2, 3) . The Syk family kinase directly phosphorylates two key adaptor proteins: linker of activated T cells (LAT), a membrane-bound adaptor; and Src homology 2 (SH2) domaincontaining leukocyte protein of 76 kDa (SLP-76), a cytoplasmic adaptor (2) . LAT is phosphorylated at multiple tyrosine residues, which stimulates the SH2 domain-mediated assembly of large LAT-nucleated signaling complexes (4) (5) (6) (7) (8) . Among the proteins recruited to LAT are the growth factor receptor-bound protein 2 (Grb2) family adaptor proteins Grb2, Grap (Grb2-related adapter protein), and Gads (Grb2-related adaptor downstream of Shc) (9, 10) . Grb2 proteins are composed of a central SH2 domain that is flanked by two SH3 domains as well as a unique proline-rich linker that is found only in Gads. Located in the cytoplasm, Grb2 proteins bind to key signaling proteins through their SH3 domains. Grb2 binds constitutively to Son of Sevenless (SOS), whereas the C-terminal SH3 domain of Gads binds with high affinity to an RAK motif in SLP-76 (11) (12) (13) . The central SH2 domain of Grb2 family proteins is specific for phospho-YxN (pYxN) motifs, at least three of which are found in LAT. In this way, Grb2 recruits SOS to LAT, whereas Gads recruits SLP-76 to LAT. Phospholipase C-g1 (PLC-g1) binds directly to phosphorylated LAT (pLAT) and is phosphorylated and activated by the SLP-76-associated tyrosine kinase Itk (14, 15) through a multistep mechanism that depends on the association of Itk with SLP-76 (16, 17) . Gads facilitates the phosphorylation of PLC-g1 by bridging the binding of SLP-76 to LAT (18) (19) (20) (21) . Activated PLC-g1 generates inositol 1,4,5-trisphosphate, which stimulates the increased intracellular calcium that is required for subsequent transcriptional changes. In murine bone marrow-derived mast cells (BMMCs), an increase in the concentration of intracellular calcium stimulates the rapid release of preformed allergic mediators through a process known as degranulation, which depends on LAT, Gads, and SLP-76 (22) (23) (24) .
At least four tyrosine phosphorylation sites on LAT are required for the TCR (25) , suggesting that they may compete for binding sites on LAT. Both Tyr 171 and Tyr 191 are required for the stable binding of Gads to LAT and for downstream phosphorylation (and activation) of extracellular signal-regulated kinase and intracellular calcium mobilization (5, 8) . The requirement for dual binding sites is difficult to explain because Gads has only one SH2 domain, which has a single pTyr binding pocket. The binding of Gads to LAT is further increased when all three pYxN sites are present (8) . These observations suggest the possibility of cooperative binding to LAT; however, the mechanism of cooperativity is unknown.
Gads-deficient mice exhibit a partial block in T cell development at the pre-TCR checkpoint as well as impairment of both positive and negative selection (26) (27) (28) , whereas mice lacking LAT or SLP-76 exhibit a complete block in thymic development because of the abrogation of pre-TCR and TCR signaling (29) (30) (31) . These differences are largely recapitulated in Jurkat-derived T cell lines that lack LAT (J.Cam2), SLP-76 (J14), or Gads (dG32). LAT-and SLP-76-deficient T cell lines exhibit profoundly impaired TCR-stimulated intracellular calcium mobilization and impaired TCR-induced transcriptional responses (32, 33) , whereas the Gads-deficient cells have a reduced amplitude of TCR responses (21, 34) . We hypothesized that the requirement of Gads for dual-LAT binding sites might promote antigen receptor responsiveness by selectively directing complex formation to LAT molecules that have accumulated multiple phosphorylation events. To explore the mechanistic basis for this requirement, we devised biochemical assays and a mathematical model, which describes the preferentially paired, cooperative binding of Gads to LAT molecules that are phosphorylated at both Tyr 171 and Tyr 191 (dual-pLAT). The Gads SH2 domain dimerization interface, as defined in this study, facilitated discrimination between single-and dual-pLAT molecules and was required for Gads signaling functions in T cells and mast cells.
RESULTS

Spontaneous dimerization of Gads through its SH2 domain
Gads contains a single SH2 domain, yet it requires two LAT pTyr sites for efficient binding (8) . To explore this discrepancy, we resolved a recombinant maltose-binding protein (MBP)-Gads fusion protein by size exclusion chromatography, which separates proteins on the basis of their globular radius. Full-length Gads resolved into two main peaks (Fig. 1A) , with elution volumes corresponding to the predicted molecular weight of monomeric and dimeric MBP-Gads ( fig. S1A ). SDSpolyacrylamide gel electrophoresis (SDS-PAGE) confirmed that both peaks contained an identical protein species, at the expected molecular weight of MBP-Gads ( fig. S1B, left) . To rule out partial protein unfolding as the source of either peak, we measured the protein denaturation temperature (T m ) by nano-differential scanning fluorimetry (nano-DSF), a technique in which proteins are gradually heated while the shift in intrinsic tryptophan fluorescence that occurs upon their unfolding is measured (35) . Both peaks exhibited T m values in the range of 56.5°to 56.7°C (Fig. 1B) , suggesting that they represent alternative, stably folded conformations of MBP-Gads protein. Size exclusion chromatography and multiangle light scattering (SEC-MALS) confirmed that the earliereluting peak had twice the molecular weight of the later peak ( fig. S1C , left), suggesting that it represents a spontaneously dimerized form of Gads.
The N-and C-terminal SH3 domains and the linker region of Gads (Fig. 1C) were not required for its resolution into two peaks (fig. S1D); purified MBP-SH2 resolved to two peaks ( fig. S1D ) at the expected sizes of its monomeric and dimeric forms (fig. S1A), with the earlier peak exhibiting a SEC-MALS signal corresponding to the dimeric form ( fig. S1C, right) . The MBP tag facilitated the purification and storage of recombinant Gads proteins but was not required for dimerization because a His-tagged Gads SH2 domain was resolved by size exclusion chromatography into two peaks (Fig. 1D ) that exhibited identical mobility by SDS-PAGE ( fig. S1B, right) . These results suggest that spontaneous dimerization is an intrinsic property of the Gads SH2 domain.
To assess the stability of spontaneous Gads dimers, MBP-Gads proteins from the dimeric fraction were stored on ice or incubated at 37°C, and the resulting oligomerization state was determined by size exclusion chromatography. Full-length Gads protein from the dimeric fraction reequilibrated on ice to a mixture of monomeric and dimeric forms; however, a substantial fraction remained dimeric even after 2.5 hours at 37°C (Fig. 1E, left) , suggesting that spontaneously formed Gads dimers were relatively stable at a physiologic temperature. In contrast, the isolated Gads SH2 domain converted rapidly to the monomeric form at 37°C (Fig. 1E, right) , suggesting that additional Gads domains were required to stabilize the dimeric conformation at a physiologic temperature. Nano-DSF analysis, which detects the increased solvent exposure of tryptophan residues as proteins unfold (35) , may also be affected by the shielding of tryptophan residues upon domain dimerization. Consistent with this idea, nano-DSF analysis of the dimeric, His-tagged Gads SH2 domain revealed two temperature-dependent transitions (Fig. 1F) . The first occurred at 32.5°C and was not associated with protein aggregation, suggesting that it represents the temperature of monomerization. A second transition, in the range of 54°to 57°C, was observed for both monomeric and dimeric Gads SH2 domains and was accompanied by protein aggregation, suggesting that it represents the T m (Fig. 1F) . A similar lowtemperature transition was observed in the nano-DSF profile of the dimeric MBP-Gads SH2 domain (fig. S2) ; this transition was subtle, likely because of the presence of eight additional tryptophan residues in the MBP tag that are not affected by SH2 dimerization. Together, these data demonstrate that the earlier-eluting Gads SH2 domain peak represents a well-folded, spontaneously dimerized form, which dissociates to a well-folded monomeric form at about 32°C.
To confirm the self-association of full-length Gads at a physiologic temperature, we turned to the Ras recruitment system (RRS), a type of yeast two-hybrid system, in which the interaction of bait and prey proteins is required for yeast growth at the restrictive temperature (36) . Growth was observed when full-length Gads was used both as bait and prey (Fig. 1G, row 2 ), but no growth occurred when either the bait or prey was eliminated (Fig. 1G , rows 1 and 3). Because this assay is performed at 36°C, it suggests that the self-association of full-length Gads occurs at a physiologic temperature and therefore may regulate its signaling function within cells.
Identification of the dimerization interface of the Gads SH2 domain
While examining a previously determined structure of the murine Gads SH2 domain cocrystallized with a short pLAT peptide [Protein Data Bank (PDB): 1R1P)] (37), we noted that the minimal asymmetric unit included two pairs of closely associated Gads SH2 domains, each bound to a pLAT peptide ( Fig. 2A, left) . A space-filling model demonstrates a tight association at the putative SH2 dimerization interface ( fig. S3, top) , which features an area of about 850 Å 2 ( fig. S3 , bottom), which is within the range of known dimerization interfaces (38) . Within each pair, the two SH2 domains appear to be held together by hydrophobic interactions between F92 on adjacent domains as well as by hydrogen bonds between R109 on one partner and D91 on the other ( Fig. 2A, right (Fig. 2B ). Of these, the largest predicted destabilizing effect was for mutation of Phe 92 . We attempted to disrupt the dimerization interface by mutating Phe 92 and Arg 109 in the context of MBP-Gads SH2. Single substitution of either residue with alanine was insufficient to disrupt dimerization ( fig. S4 ), but the F92A,R109A double mutation completely disrupted spontaneous Gads SH2 domain dimerization (Fig. 2C) . We reasoned that a more substantial disruptive effect might be obtained by the incorporation of a negative charge. Mutation of Arg 109 to Asp was insufficient ( fig. S4 ), but the F92D mutation completely abolished spontaneous Gads SH2 domain dimerization (Fig.  2C ). In the context of full-length Gads, the F92D and F92A,R109A mutations abolished Gads dimerization (Fig. 2D) without adversely affecting the stability of protein folding ( fig. S5 ).
Despite their marked effects on Gads dimerization, the F92D and F92A,R109A mutations only moderately reduced the affinity of Gads SH2 binding to a monophosphorylated LAT pTyr 171 peptide (Fig. 2E) . ( fig. S6, right) . We envisioned two possible modes of Gads binding to 2pY-LAT: single and paired (Fig. 3A) . To ensure the availability of both modes, we applied a sevenfold molar excess of the 2pY-LAT peptide. In the absence of cooperativity, the large molar excess of unbound SH2 binding sites should favor unpaired binding (Fig. 3A, left) .
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Binding of the monomeric Gads SH2 domain to pY171-LAT resulted in a small shift in Gads mobility, consistent with the added weight of the bound peptide (Fig. 3B , solid and dashed red lines). In contrast, the 2pY-LAT peptide caused a substantial shift toward the dimeric form, suggesting that paired binding was favored (Fig. 3B , red dotted line). Similarly, 2pY-LAT caused a shift from the monomeric form to the dimeric form of full-length Gads, indicating the preferentially paired binding of full-length Gads to LAT (Fig. 3C) . The 2pY-LAT-bound SH2 domain dimer was more compact and stable than the spontaneous dimer. Its compact structure was evident by its later elution by size exclusion chromatography (Fig. 3B) . To demonstrate its stability, we briefly incubated spontaneous Gads SH2 domain dimers at 37°C to induce monomerization; upon subsequent addition of the 2pY-LAT peptide at 37°C, a stable, induced dimer was formed (Fig. 3D ).
Dimerization-dependent discrimination between single-and dual-pLAT Within the cell, Gads dimerization may promote its preferential binding to dual-pLAT molecules. To test this idea, we performed competitive binding experiments in which the monomeric Gads SH2 domain was incubated with a mixture of 2pY-LAT and pY171-LAT peptides (Fig. 4A) . The proportion of Gads molecules that were bound in single or paired configuration was distinguished by their mobility by size exclusion chromatography. Dimerization of the Gads SH2 domain in the presence of the 2pY-LAT peptide was moderately inhibited by the inclusion of a twofold greater concentration of pY171-LAT competitor peptide; nevertheless, >65% of WT Gads SH2 domains remained in the paired binding mode (Fig. 4B, left) . This type of preferentially paired binding was observed over a wide range of pY171-LAT competitor concentrations (Fig. 4C , blue curve), with >50% of WT Gads SH2 domains exhibiting paired binding, even at a fourfold excess of competitor peptide. Full-length WT Gads showed an even stronger preference for paired binding (Fig. 4D, left) . Together, these results indicate an intrinsic ability of the Gads SH2 domain to discriminate between single-and dual-pLAT molecules by selectively binding to the latter in a paired configuration.
Compared to that of the WT SH2 domain, paired binding of the F92D mutant Gads SH2 domain to 2pY-LAT was more easily disrupted by competing pY171-LAT (Fig. 4B, right) . At each concentration of competitor peptide, the extent of 2pY-LAT-induced dimerization of the F92D mutant Gads SH2 domain was less than that of the WT Gads SH2 domain (Fig. 4C) . Moreover, the F92D and F92A,R109A mutations substantially impaired the 2pY-LAT-induced dimerization of full-length Gads as well as its discrimination between dual-and single-pLAT ( interface, which is required to support the paired binding of full-length Gads to LAT. The preferentially paired binding of the Gads SH2 domain to LAT suggests positive cooperativity, which may result from increased affinity of Gads for a second binding site, once the first site is bound (39) . Alternatively, cooperativity may reflect the formation of a multimolecular complex (39) in which transient Gads dimers bind to LAT at an overall affinity that is greater than the product of the individual site-specific binding constants (40) . Both mechanisms (Fig. 4A) result in an overrepresentation of paired binding events, relative to the predicted equilibrium binding, which would be expected for independent binding sites. The fold increase in affinity caused by cooperativity can be described as a ratio of the site-specific binding constants for the first and second binding events (40) . To test whether cooperativity occurred, we generated a mathematical model based on equilibrium binding equations (see the Supplementary Materials). By solving the mathematical model analytically (using the data from Fig. 4C ), we calculated the affinity of the second sequential binding event (K d 2) for the WT and F92D mutant Gads SH2 domains ( a nearly sixfold higher affinity of the second sequential binding event for the WT Gads SH2 domain as compared to the F92D mutant Gads SH2 domain. As one way to estimate the cooperativity, we calculated the fold increase in site-specific binding affinity for the second binding event as compared to the affinity of the binding of Gads to pTyr
. This ratio was 187-fold for the WT Gads SH2 domain, whereas it was only 87-fold for the F92D mutant, which is consistent with the reduced tendency of the F92D mutant Gads SH2 domain to form LAT-induced dimers and its reduced ability to discriminate between single-and dual-pLAT peptides.
Dependence of TCR signaling on the SH2 dimerization interface of Gads We next explored the importance of Gads dimerization in intact T cells. We reconstituted dG32 cells, a Jurkat cell-derived, Gads-deficient T cell line (21) , with N-terminally twin-strep-tagged, green fluorescent protein (GFP)-fused, full-length Gads, either WT, F92D, or F92A,R109A, and then isolated a wide range of GFP + cells by sorting (Fig. 5A, left) . As previously demonstrated (21), the TCR-stimulated increase in the amount of cell surface CD69 correlated with the amount of WT Gads but remained low for GFP-expressing cells. Cells reconstituted with the greatest amounts of the F92D or F92A,R109A Gads SH2 domain mutants responded similarly to Gads-deficient cells (Fig. 5A, right) , suggesting that the SH2 dimerization interface was required for Gadsdependent signaling in response to TCR stimulation.
Next, dG32 cells reconstituted with the various Gads-GFP proteins were sorted to isolate cells with equal and homogeneous GFP abundance, and TCR-stimulated molecular interactions and Gads-proximal signaling events were then assessed. Mutation of the SH2 dimerization interface (in either the F92D or F92A,R109A mutants) specifically abolished the TCR-stimulated association of Gads with pLAT without affecting LAT phosphorylation or the constitutive interaction of Gads with SLP-76 (Fig. 5B) . Consistent with the impaired formation of the LAT signalosome, TCR-stimulated phosphorylation of PLC-g1 was markedly impaired in cells reconstituted with the F92D or F92A,R109A mutant Gads proteins (Fig. 5C ). Together, these results suggest that the Gads SH2 domain dimerization interface stabilizes its TCR-stimulated interaction with pLAT to facilitate downstream signaling events.
Dependence of FceRI signaling on the SH2 domain dimerization interface of Gads
To assess the importance of Gads dimerization in FceRI signaling, Gads-deficient murine bone marrow cells were retrovirally reconstituted with WT Gads-GFP or F92D Gads-GFP and then subjected to in vitro differentiation into mast cells. Fully differentiated BMMCs (WT, Gads-deficient, or Gads-reconstituted) were sensitized with dinitrophenyl (DNP)-specific IgE, which bound equally to all cell types (fig. S7). FceRI signaling was initiated by the addition of DNP-human serum albumin (HSA) at 37°C, and we then measured three responses that occur at different time scales: calcium flux, which occurs immediately (Fig. 6A) ; degranulation, which occurs in the first 15 min (Fig. 6B  and fig. S8 ); and secretion of the cytokine interleukin-6 (IL-6), which occurs over a few hours (Fig. 6C) .
FACS-based assays revealed binary BMMC responses in all three assays, with the Gads-deficient cells responding at a lower rate compared to WT cells (Fig. 6, A to C; left) . Compared to WT BMMCs, the proportion of Gads-deficient BMMCs that exhibited intracellular calcium mobilization was most markedly reduced at the lowest concentrations of DNP-HSA (Fig. 6A, right) . Increased intracellular calcium concentrations stimulate degranulation, which results in cell surface expression of CD63 and CD107a (23, 41) . The surface abundance of CD63 was reduced in Gads-deficient cells compared to WT cells for all concentrations of DNP-HSA (Fig. 6B, right) . Finally, the proportion of Gads-deficient cells that secreted IL-6 in response to FceRI stimulation was less than that of WT BMMCs for all concentrations of DNP-HSA (Fig. 6C, right) .
The extent of the degranulation response in BMMCs reconstituted with WT Gads was dependent on their abundance of Gads-GFP (Fig. 6B,  middle, and fig. S8 ). We therefore analyzed all responses while gating on a narrow window of Gads-GFP abundance. Gads-deficient BMMCs reconstituted with WT Gads-GFP responded similarly to WT BMMCs in all three assays, whereas those reconstituted with the F92D mutant Gads-GFP protein responded similarly to Gads-deficient BMMCs (Fig. 6, A to C, right) . Together, these data suggest that the F92D mutation, which prevents spontaneous dimerization of the Gads SH2 domain, completely abrogates Gads-dependent signaling events, both in T cells and in mast cells.
DISCUSSION
The LAT-nucleated signaling complex, which is required for antigen receptor signaling in T cells and mast cells, is a particular example of SH2 domain-mediated multimolecular assembly. The requirement for multiple LAT pYxN motifs to bind Gads or Grb2 is suggestive of cooperativity (5, 8) ; however, the underlying molecular mechanisms were not known. Here, we describe an SH2 domain-intrinsic mechanism of cooperativity based on Gads dimerization, which promotes discrimination between dual-and single-pLAT molecules. This selectivity depended on an intact SH2 domain dimerization interface, which was also required for Gads-dependent signaling in cells. Spontaneous dimerization of the Gads SH2 domain was mediated by readily reversible, noncovalent interactions; however, full-length Gads dimers exhibited increased stability at a physiologic temperature, compared to the isolated SH2 domain. On the basis of molecular modeling, we designed SH2 domain point mutations, F92D and F92A,R109A, which specifically disrupted spontaneous Gads dimerization but only moderately affected the affinity of the mutant Gads proteins for the single-pLAT peptide. Inducible Gads dimerization was observed upon paired binding of Gads to dual-pLAT. The inducible dimer was more compact than those formed spontaneously, as well as being more stable at 37°C, which is consistent with its potential to play a physiologically relevant role in intact cells. The marked overrepresentation of paired binding events in our experiments provides evidence for SH2 domain-intrinsic cooperativity, which was captured by mathematical modeling as an increase in binding affinity upon binding of a second Gads molecule to 2pY-LAT. This increase in binding affinity was 2.2-fold higher for the WT Gads SH2 domain than for the F92D mutant. The difference suggests that cooperativity, in part, may reflect the capture and stabilization of transient Gads dimers upon binding to 2pY-LAT. In the absence of direct structural information, we speculate that transient dimerization of the Gads SH2 domain may generate an additional binding interface outside 
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the pTyr binding pocket, which supports the high-affinity binding of Gads to dual-pLAT, perhaps by interacting with the conserved LAT sequence spanning from pTyr 171 to pTyr 191 . A distinct mechanism of SH2 domain dimerization, which involves a helix swapping, was observed in structural studies of the Grb2, Nck, and Itk SH2 domains (42-44) but not in published structures of the Gads SH2 domain. Swapping of Grb2 a helices markedly decreases the affinity of Grb2 for pTyr-containing peptides (45) . An additional mechanism of Grb2 dimerization through SH2-SH3 domain interactions was reported but is inconsistent with binding to pTyr-containing peptides (46) . In contrast, Gads SH2 domain dimerization increased the affinity and selectivity of paired binding to 2pY-LAT, suggesting that this constitutes a previously uncharacterized SH2 domain-intrinsic mechanism of cooperativity. In the context of full-length Gads, the F92D and F92A,R109A mutations markedly reduced its ability to discriminate between dual-and single-pLAT molecules and abrogated Gads-dependent signaling in T cells and BMMCs. This phenotype was most apparent in BMMCs under conditions of weak antigenic stimulation. Under these conditions, incompletely phosphorylated LAT molecules may predominate, and Gads dimerization may be required to prioritize complex formation at fully phosphorylated LAT molecules. In some assays, cells reconstituted with the F92D mutant Gads protein exhibited a decreased response compared to that of Gads-deficient cells, which suggests that by abrogating Gads dimerization, we may have unmasked a negative signaling function of Gads.
We also consider the possibility that Gads dimerization may affect downstream signaling through additional mechanisms. The competition of Gads and Grb2 for their shared binding sites on LAT may be influenced by Gads dimerization, thereby altering the balance between the Gads-SLP-76 and Grb2-SOS signaling pathways. In addition, paired binding of Gads to LAT may restructure the LAT molecule in a way that enables its binding to additional signaling molecules. Consistent with this notion, mutation of the Gads binding sites on LAT decreases its binding to PLC-g1 (5, 7, 8) . Finally, the F92D mutation, by placing a strong negative charge within the dimerization interface of the Gads SH2 domain, may disrupt dimerization of the associated SLP-76 (47, 48) , thereby affecting the overall structure of the SLP-76 nucleated complex. These and other possibilities require further study.
MATERIALS AND METHODS
Plasmids
For the expression of recombinant MBP-tagged Gads, the complementary DNA (cDNA) encoding human Gads was subcloned into the Bam HI and Eco RI sites of pMAL-C5x (New England Biolabs). Deletion mutants were derived by polymerase chain reaction (PCR) amplification of the entire plasmid using Phusion Hot Start Flex DNA Polymerase (New England Biolabs) and 5′-phosphorylated primers that bordered the deleted area on both sides. The resulting PCR products were circularized with Fast-Link Ligase (Epicentre). Mutant MBP-Gads constructs were as follows (deleted residues in parentheses): DN-SH3 Gads (2 to 53), DC-SH3 Gads (274 to 328), DC-SH3 + linker (154 to 328), and SH2 domain only (2 to 53 and 154 to 330). His-tagged constructs were generated by replacing the MBP reading frame with an N-terminal 6-His tag. For retroviral infections, the cDNA encoding fulllength Gads with an N-terminal twin-strep tag (49) was subcloned into the pMIGR vector, which contains an internal ribosomal entry site (IRES)-GFP cassette (50) . We incorporated the A206K GFP mutation to prevent GFP dimerization (51) and used a phusion-based strategy to remove the IRES sequence and fuse the C terminus of Gads with monomeric GFP, thus generating a single open reading frame encoding Gads that is N-terminally tagged with a twin-strep tag and C-terminally tagged with monomeric GFP. Point mutations in Gads were generated by QuikChange. All constructs were verified by sequencing the entire open reading frame.
Antibodies
The monoclonal antibody C305 was used to stimulate Jurkat cellderived cell lines through the TCR (52) . Phycoerythrin (PE)/Cy5-conjugated anti-human CD69, anti-CD16/32, PE-conjugated anti-mouse CD63, allophycocyanin (APC)-conjugated anti-mouse CD107a, and APC-conjugated rat immunoglobulin G2b (isotype control) antibodies were from BioLegend. Rabbit anti-Gads and rabbit anti-PLCg1 antibodies were from Santa Cruz Biotechnology. Anti-pLAT (pY132) antibody was from BioSource. Rabbit anti-GFP antibody was a gift from A. Stanhill (Sheba Hospital and Tikcro Technologies). AntipPLC-g1 (pY783) was from MBL International. Anti-DNP IgE was from Sigma-Aldrich. PE-conjugated anti-IgE antibody was from SouthernBiotech. APC-conjugated anti-mouse CD117 (cKit) was from BioGems. PerCP-eFluor710-conjugated anti-mouse IL-6 antibody was from eBioscience.
Production and purification of recombinant proteins Escherichia coli strain BL21-CodonPlus (Agilent Technologies) expressing MBP-or His-tagged Gads proteins was grown in an autoinduction medium (53) containing carbenicillin (5 mg/ml) and chloramphenicol (25 mg/ml) at 37°C for 4 hours and then were shifted to 18°C for 16 hours. Cells were harvested by centrifugation at 8000g for 50 min at 4°C and then were resuspended in column buffer [20 mM Hepes (pH 7.3), 100 mM NaCl, 1 mM EDTA, and 10% glycerol] for MBP-tagged proteins or binding buffer [20 mM Hepes (pH 7.3), 200 mM NaCl, and 20 mM imidazole] for His-tagged proteins, with protease inhibitors and deoxyribonuclease added before cell disruption by EmulsiFlex-C3 (Avestin). All purification steps were conducted at 4°C. Lysates were centrifuged at 10,000g for 50 min, and the supernatant was applied onto a preequilibrated, 2.5-cm diameter, 4-ml bed volume gravity column (Econo-Column, Bio-Rad). MBP proteins were incubated with amylose resin (New England Biolabs) for 2 hours and then were washed three times and eluted for 2 hours in column buffer supplemented with 10 mM maltose. His-tagged proteins were incubated with Ni-NTA His-Bind Resin (Qiagen) for 2 hours and then were washed with binding buffer and eluted in binding buffer containing 300 mM imidazole. Eluted proteins were collected and concentrated with an Amicon Ultra-15 Centrifugal Filter Unit, with a 30-kDa molecular weight cutoff for MBP-tagged proteins and a 3-kDa molecular weight cutoff for Histagged proteins.
Fast protein liquid chromatography MBP-and His-tagged proteins were resolved by size exclusion chromatography at 12°C using an AKTA FPLC system (GE Healthcare) fitted with Superdex 200 10/300 or 16/60 HiLoad for MBP-tagged proteins and Superdex 75 10/300 for His-tagged proteins in column buffer containing 20 mM Hepes (pH 7.3), 100 mM NaCl, 1 mM EDTA, and 10% glycerol.
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) was carried out at 25°C on a MicroCal 200 titration microcalorimeter (GE Healthcare), with all components resuspended or purified in column buffer. Aliquots (2 ml) of 0.2 mM pY171-LAT peptide were injected from a rotating syringe at 800 rpm into a sample cell containing 234 ml of 0.02 mM MBP-Gads SH2. The duration of each injection was 4 s, whereas the delay between injections was 180 s. Data analysis was performed with AFFINImeter software.
Peptides LAT peptides were synthesized and purified by GL Biochem or Pepmic Co. Ltd., validated by mass spectrometry and high-performance liquid chromatography analysis, and resuspended in column buffer. Peptides were 29 residues long, were of the sequence DDYVNVPESGE-SAEASLDGSREYVNVSQE, encompassing LAT residues Tyr 171 and Tyr
191
, and were either doubly phosphorylated (2pY-LAT) or singly phosphorylated on Tyr 171 (pY171-LAT). To determine the concentration of the pY171-LAT peptide, we measured its binding to purified Gads SH2 domain by ITC and adjusted the peptide concentration to reflect a 1:1 stoichiometry. The concentration of the 2pY-LAT peptide was also determined by ITC by measuring its ability to sequester Gads SH2 domains and prevent their binding to the pY171-LAT peptide.
Thermal stability measurement Nano-DSF was performed with the Prometheus NT.48 instrument (NanoTemper Technologies) to detect the shift in intrinsic tryptophan fluorescence that occurs upon protein denaturation (35) . This instrument is also equipped with a light-scattering detector to measure the onset of protein aggregation. Purified recombinant Gads protein (20 mM) was loaded into nano-DSF-grade standard capillaries, and the temperature was increased at a rate of 1°C/min from 15°to 95°C while measuring the ratio of tryptophan fluorescence emission intensity (350/330), as described previously (35) . Data were analyzed with NanoTemper software.
Size exclusion chromatography and multiangle light scattering The average molecular weights of Gads proteins were determined by SEC-MALS. The system consisted of an ÄKTA avant 25 coupled to an ultraviolet detector (GE Healthcare) and a miniDAWN triple-angle light-scattering detector (Wyatt Technology). MBP-tagged Gads protein (300 mg), either full-length or SH2 domain alone, was loaded into a Superdex 200 10/300 column (GE Healthcare) and eluted at 0.5 ml/min with column buffer [20 mM Hepes (pH 7.3), 100 mM NaCl, 1 mM EDTA, and 10% glycerol]. Data collection and analysis were performed with Wyatt's ASTRA 6.1.1 software.
Ras recruitment system
Yeast growth, transfection, and functional screening for bait-prey interactions with the RRS were conducted as previously described (54) . The Gads RRS bait was designed by cloning the cDNA encoding full-length Gads into pMet-myc-Ras (54), where it was fused in frame to the 3′ end of the Ras protein open reading frame. The Gads prey was designed by subcloning the cDNA encoding full-length Gads into pMyr (55) in frame with an N-terminal myristoylation sequence. CDC25-2 temperature-sensitive yeast cells were transfected with the Ras-Bait and Myristoylated-Prey plasmids. Transformants were selected at the permissive temperature (25°C) and subsequently replica-plated onto appropriate medium and grown at the restrictive temperature (36°C). In this system, growth at 36°C indicates an interaction between the bait and prey proteins.
Cell lines
The Gads-deficient, Jurkat cell-derived T cell line dG32 was previously described (21) . Cells were retrovirally reconstituted with N-terminally twin-strep-tagged Gads-GFP and then sorted by FACS for cells with similar amounts of GFP.
Cell stimulation and lysis
Jurkat-and dG32-derived T cell lines were stimulated for 1 min at 37°C with anti-TCR antibody (C305) and then were lysed at 10 8 cells/ml in ice-cold lysis buffer [20 mM Hepes (pH 7.3), 1% Triton X-100, 150 mM NaCl, 10% glycerol, 10 mM NaF, 1 mM Na 3 VO 4 , aprotinin (10 mg/ml), 2 mM EGTA, leupeptin (10 mg/ml), 2 mM phenylmethanesulfonyl fluoride, pepstatin (1 mg/ml), and 1 mM dithiothreitol]. For immunoprecipitation experiments, lysis buffer was supplemented with 0.1% n-dodecyl-b-D-maltoside (Calbiochem).
Strep-Tactin bead purification of twin-strep-tagged Gads Cell lysates were centrifuged twice at 16,000g for 10 min at 4°C, and twin-strep-tagged Gads-GFP was affinity-purified by tumbling endover-end for 30 min at 4°C with Strep-Tactin Superflow high capacity beads (IBA), using about 7 ml of bead suspension for every 20 million cells lysed. After three rapid washes with cold lysis buffer, the isolated complexes were analyzed by Western blotting. Western blots were developed with EZ-ECL reagent (Biological Industries), and bands on scanned films were quantified with TotalLab Quant software.
Barcoding
To decrease experimental variation, we adapted a barcoding approach (56) in which cell lines were differentially labeled with fourfold dilutions of CellTrace Violet or CellTrace Far Red (Life Technologies). Phosphatebuffered saline (PBS)-washed cells were incubated with gentle mixing for 20 min in the dark at room temperature in 0.015 to 3.75 mM CellTrace Violet or 0.003 to 0.75 mM CellTrace Far Red in PBS. Staining was stopped by adding four volumes of medium containing 10% fetal calf serum and incubating the samples for an additional 5 min at room temperature. Cells were then washed and mixed together in the same tube before being subjected to stimulation and FACS-based functional assays. Data analysis was performed while gating on the differentially barcoded populations within the sample. In all cases, controls were performed to verify that the barcoding reaction had no effect on cellular responsiveness.
T cell activation TCR-stimulated increases in CD69 abundance were measured essentially as described previously (21) , except that cells were barcoded with CellTrace Violet and mixed together before being stimulated. Median TCR-stimulated CD69 cell surface expression was normalized to the median PMA-stimulated cell surface expression of CD69 within the same cell population gate.
Mice
Gads-deficient mice (28) on the Balb/c genetic background were provided by C. J. McGlade (University of Toronto). WT Balb/c mice were purchased from Harlan. Mice were maintained under specific pathogenfree conditions under veterinary supervision in accordance with the guidelines of our Institutional Animal Ethics Committee.
Generation of BMMCs
Bone marrow cells were obtained from the femurs and tibias of WT or Gads-deficient mice and were cultured in mast cell medium [Iscove's
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modified Dulbecco's medium, supplemented with 16% iron-fortified bovine calf serum, penicillin (100 U/ml), streptomycin (100 mg/ml), glutamine (2 mg/ml), 50 mM 2-mercaptoethanol, 1 mM sodium pyruvate, 1× nonessential amino acids, and 10 mM Hepes] containing IL-3 (10 ng/ml) and stem cell factor (10 ng/ml). Retroviruses encoding different Gads-GFP variants or GFP alone were packaged in Plat-E cells (Cell Biolabs) using Lipofectamine 3000 transfection reagent (Invitrogen). Cells were infected twice, on days 2 and 3 of culturing, and were sorted for GFP + cells during the week 4. Experiments were begun when the cells were ≥95% cKit + FceRI + , as shown by flow cytometry analysis.
FceRI signaling assays
Fully differentiated BMMCs were washed in cytokine-free medium, barcoded, and sensitized overnight at 37°C in medium containing IL-3 (10 ng/ml) and anti-DNP IgE (0.1 mg/ml). For Ca 2+ assays, CellTrace Far Red-barcoded, sensitized BMMCs were washed and incubated for 20 min at 37°C in Tyrode's buffer (57) containing 1 mM probenicid (Sigma-Aldrich) and indo-1 AM (3 mg/ml) (eBioscience), diluted 10-fold in 37°C Tyrode's buffer for an additional 20 min, and then washed twice and resuspended at 2 × 10 6 cells/ml in Tyrode's buffer. Intracellular calcium was measured ratiometrically by flow cytometry at 37°C, over a 5-min time course. After 60 s of baseline measurement, the cells were treated with DNP-HSA (Sigma-Aldrich). CellTrace Violetbarcoded, sensitized BMMCs were used to assess degranulation and IL-6 production. For degranulation assays, cells were stimulated with DNP-HSA in Tyrode's buffer for 15 min, fixed with 2% paraformaldehyde for 15 min at room temperature, and stained with PE-conjugated anti-CD63 or APC-conjugated anti-CD107a antibodies. IL-6 production was assessed after 4.5 hours of stimulation with DNP-HSA by intracellular staining with IL-6 PerCP-eFluor710, as described previously (41) .
Computational alanine-scanning of the Gads SH2 domain dimer interface The predicted structure of the Gads SH2 domain dimer bound to LAT was constructed by superimposition of the crystal structures of the Gads SH2 domain bound to short LAT pTry 171 (PDB: 1R1P) and to LAT pTyr 191 (PDB: 1R1Q) peptides (37) . The modeled structure of the Gads SH2 domain dimer has subunit A bound to LAT pTyr 171 (PDB: 1R1P) and subunit B bound to LAT pTyr 191 (PDB: 1R1Q). Computational alanine-scanning of the modeled Gads SH2 domain dimer structure was performed with the Robetta server (58, 59) . The positive changes in binding free energy DDG bind > 0 indicate destabilization of the dimer interface upon mutation to alanine.
Statistical analysis
Statistical analysis was performed with the two-tailed Student's t test.
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